High-efficiency organic photocathodes, based on regioregular poly(3-hexylthiophene) and phenyl-C61-butyric acid methyl ester (rr-P3HT:PCBM) bulk heterojunction sandwiched between chargeselective layers, are emerging as efficient and low-cost devices for solar hydrogen production by water splitting. Nevertheless, stability issues of the materials used as charge-selective layers are hampering the realization of long-lasting photoelectrodes, pointing out the need to investigate novel and stable materials. Here, we propose MoS2 nano-flakes, produced by Li-aided exfoliation of bulk counterpart, as efficient atomic-thick hole-selective layer for rr-P3HT:PCBM-based photocathodes.
Introduction
Sunlight and water are the most abundant, clean and renewable energy resources. 1 In fact, hydrogen (H2) fuels production via photoelectrochemical (PEC) water splitting (2H2O + ћν → 4H2 + O2) represents one of the most challenging technologies for the production of clean carbon-neutral energy. 2 The water splitting process consists of both reduction and oxidation half-reactions, i.e.: i) oxygen evolution reaction (OER: 2H2O → O2 + 4H + + 4e − ) and ii) hydrogen evolution reaction (HER: 4H + + 4e − → 2H2). 3 In general, a water splitting PEC cell comprises a semiconductor photoelectrode and a counter electrode immersed in an aqueous electrolyte. [3] [4] [5] Semiconductor photoelectrodes absorb light photogenerating electrical charges, which are needed to carry out the redox chemistry of the OER and HER processes. [3] [4] [5] For a n-type semiconductor electrode (photoanode), 5 such as TiO2 3,4 and α-Fe2O3, 3 photoexcited holes are transferred to the semiconductor/electrolyte junction where they enable the OER, 3 while electrons are transferred to the counter electrode where they allow the HER. 3 Viceversa, in the case of a p-type semiconductor electrode (photocathode) 5 such as p-Si, 6 p-InP, 7a and p-GaAs, 7b HER and OER processes occur at the semiconductor/electrolyte junction and the counter electrode, respectively. [3] [4] [5] The solar to hydrogen conversion efficiency (ƞ ) is the most important figure of merit (FoM) of a PCE cell and is defined as:
where is the short-circuit photocurrent density, ƞ the Faradaic efficiency for hydrogen evolution, and P the incident illumination power density, measured under standard solar illumination conditions (AM1.5G). 8 This FoM directly depends on the photophysical properties of the semiconductor photoelectrodes, such as light absorption, 4, 5 exciton formation, 8 as well as charge carrier separation and transport. 8 The photogenerated electrons and holes have to overcome energetic constraints, corresponding to the thermodynamic potential of the HER and OER processes, respectively. 4, 5, 8 In particular, the electrochemical potential of the bottom of the photoelectrode conduction band must be more negative than the H + /H2 redox level ( + / 2 0 = 0 V), [3] [4] [5] 8 while the one of the top of the valence band must be more positive than the O2/H2O redox level ( 2 2 0 = 1.23 V). [3] [4] [5] [6] [7] [8] Moreover, in view of scaling up and commercialization of PEC cells, stability and cost are also key factors. 2, 3 Up to date, extensive research on photoelectrodes for PEC cells has been focused on inorganic metal oxide/nitride such as TiO2, 3, 4, 9 ZnO, 10 WO3, 11 α-Fe2O3, 3, 12 BiVO4, 13 Ta2O5, 14 TaON 15 and Ta3N5, 15 due to their energy band gap exceeding 1.23 eV, [2] [3] [4] [5] [8] [9] [10] [11] [12] [13] [14] [15] stability and Earth-abundance. 2, 3, 8 Nevertheless, these single semiconductor absorbers cannot harvest a significant portion of solar spectrum and therefore their potential ƞ STH is intrinsically limited (predicted maximum values ~13%). [8] [9] [10] [11] [12] [13] [14] [15] In order to overcome this problem, ideal PEC cell based on dual light absorber, or tandem, configuration, can be used. A simple two-photoelectrode approach to construct a PEC water splitting is to use an n-type semiconductor photoanode together with a ptype semiconductor photocathode. [8] [9] In this context, the vertical stacking of a 1.6-1.8 eV energy band gap semiconductor, such as InP, 7 GaInP2, 16 AlGaAs, 17 Cu2O 18 on top of a narrower (~1 eV) one, such as Si, 6, 17, 19 is emerging as a promising route to optimize the solar photon harvesting (photons not absorbed by the first material are transmitted to and absorbed by the second one). [8] [9] 17, 19 Recently, tandem water splitting using perovskite photovoltaics and CuInxGa1−xSe2 photocathodes 20 or α-Fe2O3 photoanode 21 reached ƞ of 6% and 2.4%, respectively. However, the instability in aqueous solutions of the photoactive semiconductors 6, 7, [16] [17] [18] [19] [20] [21] is their main drawback for long time operation. To overcome this issue, encapsulation strategies of the photoactive semiconductors have been proposed, 18, 22, 23 with the result to raise the overall fabrication costs. Thus, the discover of new photoelectrode materials is needed to further improve the water splitting efficiency and long term stability respect to the current technology. 6, 22 In the quest for the development of new photoelectrode materials, recently, organic semiconductors, such as graphitic carbon nitrides (g-C3N4), 24 1,3,5-tris-(4-formyl-phenyl) The morphology of the as-produced MoS2 flakes is characterized by means of transmission electron microscopy (TEM). Additional TEM images are reported in Supplementary Information (S.I.) (Fig. S1 ) to illustrate the morphology of MoS2 flakes. Atomic force microscopy (AFM) analysis of the MoS2 flakes deposited onto a V1-quality mica substrate is shown in Fig. 1c . A representative height profile of a single flake is also reported (red line in Fig. 1c) , showing a thickness of 1.2 nm, while additional AFM images showing MoS2 flakes with thickness up to 6 nm are reported in the S.I. (Fig. S2 ). Statistical analysis of the flakes thickness, reported in Fig. 1d , reveals the presence of single to few layers MoS2 flakes, (monolayer thickness ~0.7-0.8 nm), 59 with average height values of 2.3 ± 1.6 nm. of MoS2, respectively; the third peak is also assigned to Mo3d and it is fitted with three components.
The latter component (peaked at 233 eV) and the fourth peak centred at 236 eV are attributed to the MoO3 phase, which are produced as by-product for MoS2 flakes exfoliated and exposed to air. 58 However, we remark that the MoO3-related peaks in our Li-exfoliated flakes are significantly reduced with respect to those observed in MoS2 flakes produced by LPE in NMP, 51 whose XPS spectrum has been previously reported also by our group, 58 thus confirming the high quality of the MoS2 flakes produced in this work.
The effects on the surface morphology of the FTO after the MoS2 flakes deposition is microscopically investigated by AFM. Fig. 3a reports the AFM image of the bare FTO, while in Fig. 3b it is shown the one of the FTO/MoS2. FTO/MoS2 shows nano-step height modulations on the grained FTO (grain size >100 nm). 62 Representative height profiles of the AFM images are reported respectively. Similar dopant concentrations have been already used for engineering the WF of solution-processed MoS2 thin-films for hole transport layers in OPVs. 46 The WF value of MoS2, as measured by Kelvin Probe (KP) in ambient conditions (Table 1) , is 4.6 eV, thus similar to the one measured for FTO (4.7 eV). After doping, the WF values of the p-MoS2 (5 mM) (4.9 eV) and p-MoS2 Table 2 , showing a decrease of about 2 nm for both FTO/MoS2 and FTO/p-MoS2 (10 mM) (Ra values of 11.6 nm and 11.9 nm, respectively) if compared with the value of the bare FTO (Ra = 13.8). Thus, the FTO roughness is reduced by the overlayer of MoS2 flakes, which could be linked with their planarity and face-on arrangement. 
Architecture of the hybrid solution-processed organic H2-evolving photocathode
The full structure of the solution-processed hybrid organic H2-evolving photocathode consists of a Table 1 ). Fig. 5b shows the high-resolution cross-sectional SEM image of a representative photocathode FTO/pMoS2 (10 mM)/rr-P3HT:PCBM/TiO2/MoS3. The layers are consecutively deposited by spin coating (see details in Experimental, Fabrication techniques), giving a well-defined multi-layered structure. 
Photoelectrochemical characterization
The rrP3HT ) of MoS2 dispersion in IPA have been also preliminary tested without doping (Fig. S5 ) and with 10 mM doping (Fig. S6), showing the best results for the 0.1 mg mL -1 dispersion. The photovoltage ℎ is the difference between the potential applied to the photocathode under illumination ( ℎ ) and the potential applied to the catalyst electrode ( ) to obtain the same current density. The subscript "m" stands for "maximum". The power-saved FoM ( , ) reflects the photovoltage and photocurrent of a photocathode independently from the over-potential requirement of the catalyst. 64 Here, we simply assume that the MoS3 film deposited onto FTO is identical to the one deposited onto TiO2. Table 3 summarizes the main FoMs extracted from the voltammograms measured for the different cases: the photocurrent density taken at 0 V vs. RHE (J0V vs RHE), the Voc, and , , , which is calculated by:
where is the Faradaic efficiency assumed to be 100 %, 28d, 29a,29c is the power of the incident illumination and ℎ , and ℎ , are the photocurrent and photovoltage at the maximum power point, respectively. ℎ , is obtained by calculating the difference between the current under illumination of a photocathode and the current of the corresponding catalyst. 
Conclusion
Few-layer flakes MoS2 are demonstrated as novel HSL for solution-processed hybrid organic H2-evolving photocathodes. The production method of the MoS2 flakes underpins on water-based exfoliation of Li-intercalated bulk MoS2, avoiding the use of toxic reagents/solvents and being potentially compatible with large-area and low-cost production. We produced ultrathin MoS2 layer (<10 nm) that, once deposited, not affect the morphology of the underneath FTO substrate. We tuned the electrical properties of the MoS2 films by using solution-processed HAuCl4·3H2O doping, increasing the WF value from 4.6 up to 5.1 eV, thus well matching with the HOMO level of the rr-P3HT. The morphology of the MoS2 films and the optimization of the HAuCl4·3H2O doping level led to a hybrid solution-processed organic H2-evolving photocathodes with J0V vs RHE of 1.21 mA cm -2 at 0 V vs. RHE, Voc of 0.56 V vs. RHE and , , approaching 0.5%. These results pave the way towards the integration of MoS2 as HSL in organic PEC cells to boost this technology as efficient scalable and low-cost tool for solar H2 production. atmosphere. The Li-intercalated material (LiXMoS2) is separated by suction filtration under Ar.
Experimental

Material preparation
LixMoS2 is washed with anhydrous hexane to remove non-intercalated Li ions and organic residues.
LiXMoS2 powder is then exfoliated by ultrasonication (Branson ®5800 ultrasonic cleaner) in deionized (DI) water for 1 h. The obtained dispersion is then ultracentrifugated (Optima™ XE-90 ultracentrifuge, Beckman Coulter) at 10K for 20 min to remove LiOH and un-exfoliated material.
Finally, the precipitate is filtered and re-dispersed in IPA (absolute alcohol, without additive, ≥ 99.8%, Sigma Aldrich), in order to accurately control the concentration of the final dispersions. . The sol-gel procedure for producing TiO2 dispersion has been previously reported by Kim et al. 74 Thus, TiO2 precursor solution is prepared in IPA and subsequently deposited by spin casting on top of the rr-P3HT:PCBM film as ESL.
Fabrication techniques
Subsequently, during 12 h in air at room temperature, the precursor converted to TiO2 by hydrolysis. A three step spinning protocol with rotation speeds of 200 rpm for 3 s, 1000 rpm for 60 s and 5000 rpm for 30 s is used. Post thermal annealing in an Ar atmosphere is carried out at 130 °C for 10 min for all the devices before catalyst deposition. The devices are completed by a layer of MoS3 nanoparticles (Alfa Aeasar) acting as catalyst for the HER process. The catalyst layer is obtained by spin casting a 3.8 mg mL -1 water:acetone:NaOH (1M) 1:2:0.2 dispersion on top of the TiO2. The dispersion is stirred overnight at room temperature and sonicated for 10 minutes before its use. Spinning protocol is identical to the one adopted for the TiO2 deposition.
Material characterization
UV-Vis absorption spectrum of the 0.1 mg mL -1 MoS2 dispersion in IPA is obtained using a Cary
Varian 5000UV-Vis spectrometer.
Raman measurements are carried out with a Renishaw 1000 using a 50X objective, a laser with a Work function data are obtained by using a commercial kelvin probe system (KPSP020, KP Technologies Inc.). Samples are measured in air and at room temperature and both a clean gold surface (WF = 4.8 eV) and a graphite sample (HOPG, highly ordered pyrolytic graphite, WF = 4.6 eV)
are used as independent references for the probe potential. ) (see statistical analysis of the TEM images reported in Fig. 1B) . Fig. S1 report additional TEM images to better illustrate the morphology of MoS2 flakes evidenced by Fig. 1a . 
Photoelectrochemical measurements
S.2. AFM analysis of MoS2 flakes
In Fig S.4. AFM analysis of FTO/p-MoS2 (10 mM) Fig. S4 reports the AFM images for the FTO/p-MoS2 (10 mM), which shows no differences in surface morphology with respect to the undoped case (FTO/MoS2), whose image is shown in Fig. 3b of the main text. As shown in Table 2 , the Ra of FTO/p-MoS2 (10 mM) (Ra = 11.9 nm) has a similar value to that of FTO/MoS2 (Ra = 11.6 nm). These data suggest that the p-doping treatment up to 10 mM does dispersion in IPA. The calculated roughness average (Ra) is 11.9 nm (see Table 2 in the main text of the manuscript).
S.5. Photoelectrochemical characterization of MoS2-based photocathodes fabricated using different concentration of MoS2 dispersion in IPA 
S.8. Cyclic Voltammetry measurements on MoS2 films
